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ABSTRACT
Supernova remnants (SNRs) are thought to be the primary sources of Galactic Cosmic Rays (CRs). In the last few years, the wealth of
γ-ray data collected by GeV and TeV instruments has provided important information about particle energisation in these astrophysical
sources, allowing us to make progress in assessing their role as CR accelerators. In particular, the spectrum of the γ-ray emission
detected by AGILE and Fermi-LAT from the two middle aged Supernova Remnants (SNRs) W44 and IC443, has been proposed as
a proof of CR acceleration in SNRs. Here we discuss the possibility that the radio and γ-ray spectra from W44 may be explained
in terms of re-acceleration and compression of Galactic CRs. The recent measurement of the interstellar CR flux by Voyager I has
been instrumental for our work, in that the result of the reprocessing of CRs by the shock in W44 depends on the CR spectrum at
energies that are precluded to terrestrial measurement due to solar modulation. We introduce both CR protons and helium nuclei in
our calculations, and secondary electrons produced in situ are compared with the flux of Galactic CR electrons reprocessed by the
slow shock of this SNR. We find that the multi-wavelength spectrum of W44 can be explained by reaccelerated particles with no need
of imposing any break on their distribution, but just a high energy cut-off at the maximum energy the accelerator can provide. We also
find that a model including both re-acceleration and a very small fraction of freshly accelerated particles may be more satisfactory on
physical grounds.
Key words. Cosmic-rays, Acceleration of particles, Supernova remnants, Molecular processes, Shock waves, Radiation mechanisms:
non-thermal
1. Introduction
SNR W44 is a middle-aged, [10, 000 ÷ 20000] yrs old
(Smith et al. 1985; Wolszczan et al. 1991), SNR, located in the
Galactic Plane (l, b)= (34.7,−0.4) at a distance d ∼ 2.9 kpc
from Earth (Castelletti et al. 2007, and references therein). This
source has been studied at all wavelengths: it is characterized
by a quasi-elliptical shell in the radio band (Castelletti et al.
2007) and it is expanding with a velocity vsh ∼ 100 ÷ 150 km/s
(Reach et al. 2000) in a molecular cloud (MC) complex with an
average proton density of n ∼ 200 cm−3 (Wootten et al. 1977;
Rho et al. 1994; Yoshiike et al. 2013). The γ-ray emission de-
tected from the South-East part of this remnant (Giuliani et al.
2011; Abdo et al. 2010e; Ackermann et al. 2013; Cardillo et al.
2014), a region that has an embedded MC, is likely con-
nected with the interaction between the SNR shock and the
cloud, highlighted by the presence of OH maser (1720 MHz)
emission (Claussen et al. 1997; Hoffman et al. 2005). W44 be-
came the center of attention of the scientific community when
Giuliani et al. (2011) published its detection with the AGILE
γ-ray satellite at photon energies below 200 MeV, making it
the first SNR ever detected in this energy range. These obser-
vations have been especially important because the emission
falls in an energy interval where it is actually possible to dis-
tinguish the γ-ray contribution due to leptonic emission pro-
cesses (Bremsstrahlung or IC) from the one of hadronic ori-
gin, due to the decay of neutral pions originating in CR in-
teractions with ambient matter. Indeed the γ-ray spectrum of
W44 showed the pion bump that can be unequivocally linked to
CR hadronic interactions, as later confirmed by the Fermi-LAT
measurements (Ackermann et al. 2013). The same Fermi-LAT
paper claimed detection of another middle-aged SNR, IC443,
where the pion bump was also found. Additional AGILE obser-
vations of W44 (Cardillo et al. 2014) showed that only models
in which the γ-ray emission is of hadronic origin are able to ex-
plain the multi wavelength spectrum of this remnant from radio
(Castelletti et al. 2007) to γ-rays.
In fact, all these models, while reproducing the multi-
wavelength spectrum of W44, have some puzzling features, in
that the fit to experimental data requires accelerated protons with
a broken power-law spectrum at low energies and a very steep
high energy spectral index.
The possible reacceleration and compression of pre-existing
CRs was first considered by Uchiyama et al. (2010) and
Lee et al. (2015) who showed that the shock propagating into the
cloud crushed by the remnant (Blandford et al. 1982) may ex-
plain the spectral properties of SNR W44. In these calculations
the Galactic CR spectrum was parametrized as in Strong et al.
(2004) and Shikaze et al. (2007), with the addition of a low en-
ergy cutoff and a high energy steepening of the reaccelerated
spectrum. The latter was modeled following the idea of the
so called Alfvén wave damping put forward by Malkov et al.
(2011), having in mind the very steep gamma ray spectrum in-
ferred from AGILE and Fermi-LAT data.
Very recently, a time dependent model of reacceleration was
developed by Tang et al. (2015). The authors follow the time
evolution of the reaccelerated particle spectrum, considering dif-
ferent energy dependencies of the diffusion coefficient. The lep-
tonic contribution to the emission, coming in principle both from
primary and secondary electrons, and showing signatures both in
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the radio and in the gamma-ray band, is not taken into account.
The gamma-ray emission is explained as a result of compres-
sion and reacceleration of galactic CR protons, without the need
of any additional break, such as that coming from Alfvèn wave
damping, but particle energy losses are not taken into account
either.
In the present paper we developed further the idea that the
multi-wavelength spectrum of W44 can be explained as the re-
sult of re-acceleration, improving on existing models in several
respects: 1) we use actual data on the low energy CR spectrum
in the local interstellar medium (LIS) as provided by Voyager I
(Potgieter 2014), instead of assuming a parametrization of the
demodulated CR spectrum. 2) We use both spectra of protons
and helium nuclei (from Voyager I) for the production of gamma
rays from pion decays, as well as for the production of secondary
electrons and positrons. The flux of such secondary leptons is
then compared with the spectrum of reprocessed Galactic CR
electrons (again inferred, though more indirectly, from Voyager
data). 3) We use radio data that are limited to the same spa-
tial region where the AGILE and Fermi-LAT emission appears
to be originating, thereby having direct control upon the filling
factor of the emitting region. 4) We test the possibility that the
spectral steepening that both AGILE and Fermi-LAT infer from
their data at high energy reflects a cutoff in the spectrum of re-
energized Galactic CRs, rather than some sort of plasma effect,
as postulated by Malkov et al. (2011). Such a spectral feature
naturally arises from the overlap of reacceleration (up to a max-
imum energy of ∼ 10 GeV) and compression of Galactic CRs in
the crushed cloud.
Here we confirm that the radio and gamma ray data from
W44 can be explained in terms of reacceleration and compres-
sion of galactic CRs, provided the maximum energy of reac-
celerated particles is of order ∼ 10 GeV. This explanation re-
quires however that a relatively large fraction of the surface of
the shock, ∼ 50%, is interacting with the dense cloud. We in-
vestigated whether this requirement could be alleviated by ac-
counting for the likely inhomogeneity of the cloud, which is ex-
pected to be made of very dense clumps, with densities reaching
∼ 2000 cm−3 and a more diluted interclump medium with den-
sity ∼ 20 cm−3. We found that such a density structure leads
to estimate even larger filling factors to explain the gamma-ray
emission, while the problem could be easily alleviated by assum-
ing that, in addition to the dominant reaccelerated component, a
very small fraction, of order 10−4, of the shock kinetic energy is
converted into acceleration of fresh particles.
Finally, given the possibility that the reacceleration be weak
in the slow shock of W44 and that even a small fraction of neu-
trals in the pre-shock medium could damp the magnetic pertur-
bations necessary for any acceleration (or reacceleration) pro-
cess to take place, we analyse the case of pure compression of
Galactic CRs in the crushed cloud. We find that with a density of
order ∼ 104cm−3 and a magnetic field strength ∼ 1 mG a decent
fit to the data can be found even in this case.
The paper is organised as follows: in § 2 we describe the
essential physical aspects of the crushed-cloud scenario; in §3
we derive the reaccelerated and accelerated particle spectra after
compression and energy losses; the calculation of the equilib-
rium particle distributions in the crushed cloud is illustrated in
§4. A complete analysis of our results is shown in § 5. Our con-
clusions are drawn in §6.
2. Middle aged SNRs interacting with molecular
clouds
A number of SNRs detected so far in the γ-ray band are middle-
aged sources, bright in the radio band as well, and they are
all interacting with molecular clouds (e.g., Giuliani et al. 2010;
Aleksic, J. et al. 2012; Ackermann et al. 2013; Cardillo et al.
2014). The pioneering work of Blandford et al. (1982) on clouds
crushed by a supernova explosion showed that re-energization
of pre-existing CRs in the interaction region can account for the
radio emission. Asking whether similar processes may also ex-
plain the gamma ray emission appears only natural.
Here we briefly summarize the picture that Blandford et al.
(1982) proposed to describe the interaction between a SNR
shock and a molecular cloud: if the density of the pre-shock ma-
terial and the shock velocity are large enough, then the mate-
rial behind the shock is compressed enough to make it radiative
and the resulting radiation can ionise the whole region where the
shock is propagating. Immediately behind the shock the gas is
simply compressed. When recombination starts and the region
becomes radiative, the gas becomes more compressive and its
density increases further: for a shock velocity vsh7 ≃ 100 km/s,
as inferred for W44, the critical column density for the formation
of a radiative region is Ncool ≃ 3 × 1017v4sh7 cm−2 (Mckee et al.
1987). This condition translates into a lower limit for the density
of the cloud:
ncloud & ncool ≡ 10 E0.8151 n¯−0.19−1 R−2.81 cm−3 (1)
where E51 is the SNR energy in units of 1051 erg, n¯−1 is the
effective mean hydrogen density in the remnant in units of
0.1 cm−3 and R1 is the SNR shock radius in units of 10 pc
(Blandford et al. 1982). The compression factor between down-
stream of the shock (density nd) and the crushed cloud (density
nm), s ≡ nmnd , can be limited by magnetic or thermal pressure, de-
pending on the value of the pre-shock magnetic field and cloud
density. The compression associated to radiative cooling causes
energization of pre-existing particles, boosting the normalisation
of the particle spectrum by a factor s2/3 (pitch angle isotropiza-
tion is assumed), while the momentum per particle increases as
p → ps1/3.
3. Reacceleration, acceleration and compression
3.1. Reacceleration of Galactic CRs
CRs permeating the cloud are reaccelerated at the SNR shock
independent of their energy, since they are already non-thermal,
and there should be no obstacle to inject them at the shock.
Even slow shocks are expected to contribute substantial re-
acceleration, while they are not expected to be efficient at ac-
celerating fresh particles.
Here we compute the reaccelerated spectra downstream of
the shock by using, for convenience, the formalism introduced
by Blasi (2004), where however the more complex case of non-
linear shock reacceleration was considered. We solve the station-
ary transport equation
u
∂ f
∂x
=
∂
∂x
[
D(p)∂ f
∂x
]
+
1
3
(
∂u
∂x
)
p
∂ f
∂p
, (2)
where f (x, p) is the CR distribution function, u is shock veloc-
ity and D(p) the energy dependent diffusion coefficient. The x
axis is parallel to the shock normal and the shock is located
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at x = 0. The boundary condition at upstream infinity (lo-
cated at x = −∞) is imposed by requiring that the distribu-
tion function, f∞(p), equals the Galactic CR distribution, namely
f (x = −∞, p) = f∞(p).
The solution of the transport equation at the shock location,
f0(p) = f (x = 0, p), is easily found in the form:
f0(p) = α
(
p
pm
)−α ∫ p
pm
dp′
p′
(
p′
pm
)α
f∞(p′) (3)
where α = 3vsh
vsh−ud and ud is the gas velocity downstream of the
shock. The momentum pm in Eq. 3 represents a minimum mo-
mentum in the spectrum of Galactic CRs. For our purposes, the
value of pm is so low that it does not have any effect on the results
that we present below.
One can see that the effect of reacceleration is twofold: first,
it increases the momentum per particle up to a maximum mo-
mentum that is determined by the balance between acceleration
time and age of the system. Second, it hardens the spectrum of
the reaccelerated particles, provided the spectrum of Galactic
CRs is steeper than p−α. If this latter condition is not satisfied,
then the reaccelerated spectrum has the same slope as the origi-
nal spectrum, but a different normalisation.
We adopt a parametrisation of the Galactic CR spectrum that
reflects the recent measurements from the Voyager I at low en-
ergies (E & 1 MeV/n)(Webber et al. 2013) and the PAMELA
(Adriani et al. 2011) and AMS-02 data (Aguilar et al. 2015a,b,c)
at higher energies. The Voyager I measurements carried out after
2013, namely after the spacecraft crossed the boundary of the
heliosheath (HS) and entered the heliopause (HP), provides us
with the first direct knowledge of the spectrum of Galactic CR
protons and helium nuclei in the LIS and makes it possible to
avoid calculating the effects of solar modulation. Some correc-
tions to take into account solar modulation are instead needed to
infer the electron spectrum (Potgieter et al. 2013), since Voyager
data on electrons date back to 2010, when it was at 112 AU from
Earth.
The flux of electrons in the LIS is well described as
JLIS ,e = 0.21
(
E1.35
β2e
) (
E1.65 + 0.6920
1.6920
)−1.1515
+ Jbump (4)
in units of [particles/m2/s/sr/MeV] (Potgieter et al. 2013) .
Here E is the electron kinetic energy expressed in units of
GeV whereas Jbump is introduced in order to fit PAMELA (and
AMS02) data in the [5 − 20] GeV range and has the following
form:
Jbump = 1.73 exp
[
4.19 − 5.40 ln (E) − 8.9 E−0.64
]
. (5)
The spectrum of protons and He nuclei measured by Voy-
ager 1 in 2013, after entering the HP, is well represented as
(Bisschoff et al. 2015):
JLIS ,n = Ah
Ea
β2p

(
Ed + kd
1 + kd
)−b
, (6)
with JLIS ,n in units of [particles/m2/s/sr/(GeV/n)] and E the
particle kinetic energy per nucleon in units of [GeV/n]. The pa-
rameters appearing in Eq. 6 are: a = 1.02, b = 3.15, d = 1.19,
k = 0.60, Ah = 3719 for the proton LIS, JLIS ,p; and a = 1.03,
b = 3.18, d = 1.21, k = 0.77, Ah = 195.4 for the helium LIS,
JLIS ,He. In order to include all the features of the Galactic CR
spectrum, we also impose the spectral hardening of the proton
and helium spectra detected by PAMELA (Adriani et al. 2011)
and confirmed by AMS (Aguilar et al. 2015b,c). The latest data
by AMS02 show a hardening by ∆γp = 0.119 for protons of
rigidity larger than R0,p = 336 GV, and by ∆γHe = 0.133 for
helium nuclei at rigidity larger than R0,He = 245 GV. The final
form of our galactic particle spectrum, for type j nuclei, is:
J′LIS , j(E) = JLIS , j ×
1 +
(
Ei
E0,i
) ∆γi
s

σ
(7)
where E0,i is the kinetic energy that corresponds to a rigidity
R0,i and σ is a smoothing parameter that we take as σ = 0.024.
The spectra of particles of all species i that we obtain from JLIS ,i
are shown in Fig. 1: protons are in red, helium nuclei in green
and electrons in blue; overplotted are also the Voyager 1 and
AMS02 data, as triangles and circles respectively. The reason
why the electron curve appears to not fit the data is that the curve
represents the very LIS spectrum while data are those collected
by Voyager 1 in 2010, before entering the HP. For protons and
helium, instead, we could use the HP spectra (Potgieter 2014).
The CR spectra f∞,i(p) to be used in our calculations are related
to the fluxes JLIS ,i(E) by the usual expression:
4pip2 f∞,i(p)dp = 4pi
v(p) JLIS ,i(E)dE, (8)
where v(p) is the particle velocity at momentum p.
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Fig. 1. Protons (red), Helium (green) and electrons (blue) spectra. Cir-
cles represent protons, squares electrons and triangles Helium data
points; measurements from Voyager 1 (Potgieter 2014) are represented
by filled points, whereas AMS measurements (Aguilar et al. 2015a,b,c)
are represented by open points. The curves represent the fits to the LIS
spectrum of the different species used in this work(Potgieter 2014). The
blue curve does not go through the Voyager 1 data points because the
electrons’ data are those collected in 2010, when Voyager had not en-
tered the HP yet.
3.2. Acceleration
The other possible contribution to the γ-ray emission of SNR
W44, and the one that was actually considered first, comes from
fresh acceleration of particles at the shock. In the most general
case, a simple power-law distribution is assumed for both the
hadronic and leptonic components:
fi(p) = ki
(
p
pin j
)−α
(9)
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where the index i reads p for protons and e for electrons, α is
the spectral index, that depends on the shock compression ratio
and is the same for all species, and pin j is the injection momen-
tum corresponding to an injection energy Ein j ∼ 4.5Esh, with
Esh = 12 mpv
2
sh (Caprioli et al. 2014). Finally, ki is a normaliza-
tion constant related to the CR acceleration efficiency, ξCR. We
define the latter as the fraction of shock ram pressure, ρ0v2sh, that
is converted into CR pressure, PCR:
PCR =
4pi
3
∫
fp(p)p2 pv(p)dp = ξCRρ0v2sh , (10)
where ρ0 is the upstream density and vsh the shock velocity. Sub-
stituting the proton spectrum of Eq. 9 in Eq. 10, we obtain the
relation between kp and ξCR:
kp =
ξCRρ0v
2
sh
4pi
3
∫ (
p/pin j
)−α
p3v(p)dp
. (11)
The normalization of the electron distribution, ke, is then fixed
by assuming the standard CR electron/proton ratio, kep ≈ 10−2,
and that the electron spectrum follows that of protons.
3.3. Compression
As anticipated in Sec. 2, both freshly accelerated and reacceler-
ated particles experience further energisation in the recombina-
tion region due to compression. The effect is described by the
factor s:
s ≡
(
nm
nd
)
=
(
nm
rshn0
)
(12)
where nd is the density immediately downstream of the shock,
nm/nd is the compression due to radiative cooling and rsh =
nd/n0 is the compression ratio at the shock. Following the con-
siderations put forward by Blandford et al. (1982), we assume
that in the SNR W44 the gas compression due to cooling is lim-
ited by magnetic pressure (see Sec. 2) and we compute the value
of nm by equating the magnetic pressure to the shock ram pres-
sure (Uchiyama et al. 2010):
B2m
8pi = n0µHv
2
sh → nm ≃ 94
(
n0
1 cm−3
)3/2 ( B0
1 µG
)−1 (
vsh
107cm/s
)
,
(13)
where Bm =
√
2
3
(
nm
n0
)
B0 is the compressed magnetic field, µH
is the mass per hydrogen nucleus and B0 = b
√
n0/cm−3 µG
is the unperturbed magnetic field upstream of the shock. The
term b = VA/(1.84 km/s) is of order ∼ 1 in the ISM and it is in
the range [0.3-3] in MCs, depending on the Alfvén velocity VA
(Hollenbach et al. 1989; Crutcher et al. 1999).
As a result of compression, the spectrum of particles changes
according to
f ′(p) = f0(s−1/3 p) , (14)
where f0(p) is the spectrum of CRs resulting from reacceleration
and shock compression. In other words, f0 has two components:
one given by Eq. 3 with an exponential cutoff at a maximum
momentum pM that will be estimated in §5, and another com-
ponent that simply results from compression of Galactic CRs
at the shock. As an alternative one can directly account for the
compression between upstream and the crushed cloud by con-
sidering s′ = nm/n0 and calculating the compressed component
as fcomp(p) = f∞(s′−1/3 p), for p ≫ pM.
4. Equilibrium particle distribution in the crashed
cloud
In order to estimate the γ-ray flux produced by reaccelerated and
accelerated CRs, we need to take into account the energy losses
that affect protons, helium nuclei and electrons in the environ-
ment that we are considering.
High energy protons mainly lose energy because of pp-
interactions (at high energies) and ionization (at lower energies).
In particular, ionization losses are important for all species, pro-
tons, helium nuclei and electrons. Since in SNR W44 the shock
velocity is vsh ≥ 100− 150 km/s, we assume that the gas around
the shock is completely ionized (Blandford et al. 1982). Ionisa-
tion losses are described as discussed in detail in Appendix §A
(Eqs. A.2 and A.3). The effect of ionization on the particle spec-
trum is that of leading to a low energy hardening. Electrons are
also affected by synchrotron, Bremsstrahlung and IC losses (see
Eqs. A.4, A.5, A.6 in Appendix A).
In order to obtain the final particle spectrum, we need to
solve the kinetic equation for every particle of specie "i":
∂Ni(E, t)
∂t
=
∂
∂E
[b(E)Ni(E, t)] + Qi(E), (15)
where b(E) = − dEdt is the sum of all the loss terms listed above,
and Qi(E) is the particle injection rate per unit energy interval.
The particle spectra are obtained by solving the kinetic equation
numerically for light nuclei, primary electrons and secondary
electrons (produced from pion decay following p-p scattering).
For hadrons and primary leptons, the injection term reads:
Qi(E) =
(
n0
nm
)
1
tint
N′i (E), (16)
with N′i (E) = 4pip2 f ′(p)dp/dE the reaccelerated and com-
pressed spectrum (obtained from f ′(p) in Eq. 14 after transform-
ing to energy space). The term tint is the interaction time between
the cloud and the remnant that we assume to be less than the SNR
age; indeed, even if the source is middle-aged (tage ∼ 1.5 × 104
yrs), the interaction has likely started more recently.
As for secondary electrons, their injection derives from the
decay of charged pions produced in inelastic nuclear collisions
of energetic hadrons. The injection rate to be used in Eq. 15 can
be written in this case as
Qs(E) =

Φe,low, E < 0.1TeV
Φe,high, E > 0.1TeV
(17)
where Φe,low and Φe,high are given in Eqs. B.4 and B.1, respec-
tively.
5. Results
In this section we illustrate our results in terms of reaccelera-
tion and additional compression of Galactic CRs in the crashed
cloud of SNR W44, and compare them with the gamma ray
emission as measured by AGILE (Cardillo et al. 2014) and by
Fermi-LAT (Ackermann et al. 2013), and with the radio emis-
sion as measured by VLA (Castelletti et al. 2007) and Planck
(Planck collaboration 2014). Below, when we refer to protons,
helium nuclei and electrons we actually refer to Galactic CR par-
ticles that have been reaccelerated at the W44 shock and further
compressed in the crashed cloud. The role of secondary electrons
and positrons is singled out and commented upon whenever ap-
propriate.
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As far as gamma ray emission is concerned, we include the
contribution due to pion production (from both protons and he-
lium nuclei) and bremsstrahlung emission of both electrons and
secondary e+ − e− pairs produced in inelastic hadronic interac-
tions.
In order to compare emission from the same accelerated par-
ticles, we limited the fit to the radio emitting volume as defined
by the gamma ray emission region. The radio data limited to such
area have been provided to us by Dr. Castelletti and Dr. Dubner
through a private communication.
In our calculation, we kept fixed all the SNR parameters for
which we have reliable estimates: its distance, d = 2.9 kpc, and
consequently its size in the radio waveband, RS N = 12.5 pc,
(Castelletti et al. 2007), the average gas density, n0 ∼ 200 cm−3
(Yoshiike et al. 2013) and the shock velocity, vsh ∼ 100 − 150
km/s (Reach et al. 2000). In order to tune our predictions to the
data, we use as free parameters the interaction time between the
remnant and the cloud, tint (≤ tage), and the pre-shock magnetic
field strength (parametrised through b, see Sec. 3.3).
Moreover, the emissivity at all frequencies should be inte-
grated over the emission volume. With respect to previous anal-
yses, we parametrize the emission volume in a different way, and
a way that, as we discuss in the following, brings to our atten-
tion a potential weakness of the reacceleration model. Since the
emissivity is assumed to be uniform over the crushed cloud vol-
ume, we multiply the emissivity by the emission volume taken
to be 4piξR2S Nvshtint, where ξ < 1 is the fraction of the spherical
surface of the SN shell that is covered by the cloud. In previous
work, the authors had introduced a filling factor f < 1 defined
as the fraction of the whole SNR volume, 43piR
3
S N , occupied by
the crushed cloud. The two parameters are related by the simple
expression:
f = 3 ξ vshtint
RS N
.
It is easy to see that for RS N = 12.5 pc, vsh ∼ 100 km/s and
tint = tage/2 ≈ 5000 yr, as used by Uchiyama et al. (2010), the
value of f ≈ 0.2 adopted by the same authors corresponds to
ξ ≈ 12.5 > 1. This discrepancy is due to the fact that, although
f < 1, the volume of the remnant could not possibly have been
filled by the shock moving at 100 km/s, so that in terms of sur-
face of the SN shell filled by the crushed cloud, this value of f
corresponds to ξ > 1. This implies that the values of the param-
eters to be assumed in the calculations are bound to be different
from the ones chosen by Uchiyama et al. (2010) (a similar line
of argument holds for the results of Lee et al. (2015)). We will
see that even in this case it is not easy to obtain a set of fitting
parameters for which ξ < 0.5, namely a large fraction of the
surface is required to be covered by the crushed cloud.
It is straightforward to realize, by looking at Eq. 13, that, due
to the assumption that radiative compression is limited by mag-
netic field pressure, the upstream magnetic field plays a crucial
role in determining the compressed density nm, which in turn
affects ionisation losses and the rate of nuclear collisions. In ad-
dition, B0 enters, together with tint, the expression for the maxi-
mum energy of reaccelerated or accelerated particles.
Since energy losses are not very important for high energy
protons and wave damping is also unimportant, if a fully ionized
pre-shock medium is assumed, the high-energy cut-off of the ac-
celerated particle spectrum is determined by the lifetime of the
accelerator, namely by the condition that tacc(Emax) < tint. The
same is true for reaccelerated electrons, namely the maximum
energy is not determined by balancing acceleration rate with ra-
diative losses, but it is simply dominated by the finite accelera-
tion time. The latter can be written, as a function of the shock ve-
locity and particle diffusion coefficient, D(p), as tacc ≈ D(p)/v2sh.
We then write the diffusion coefficient using quasi-linear theory,
assuming δB/B0 ∼ 1 at k0 = 1/Lc with Lc the coherence length
of the field in the crashed cloud:
D(E) = 13rLc
(
Lc
rL
)δ
. (18)
In Eq. 18 rL is the particle Larmor radius and δ = kT − 1, with
kT the turbulence spectral index. For a Kolmogorov perturbation
spectrum, as we assume in our model, kT = 5/3 and the maxi-
mum momentum reads:
pmax ∼ 7 GeV/c
(
B0
30 µG
) (
vsh
130 km/s
)6 ( tint
15000 yrs
)3 ( Lc
0.1 pc
)−2
,
(19)
The strongest dependence is on shock velocity, that is also
the only quantity appearing in Eqs. 19 for which we have a direct
measurement from line emission (Reach et al. 2000).
Free parameters are instead B0, Lc and tint. The latter is con-
strained to be tint < tage ≈ 1.5 × 104 yr, but in reality a stronger
constraint comes from fitting the source SED, since the ratio of
secondary-to-primary electrons increases with it. As to the pre-
shock magnetic field, our best fit of the multi wavelength spec-
trum of the source is obtained for B0 = 34 µG. The correspond-
ing post-shock compressed field reaches a value Bm ≈ 1.4 mG
and the post-shock compressed density is nm ≈ 10100 cm−3,
about 2 orders of magnitude larger than the pre-shock average
density.
Concerning the correlation length, in the ISM this is typically
taken to be Lc = 50 − 100 pc, the scale at which turbulence is
assumed to be injected by SNe. In molecular clouds, however,
Lc is thought to be much smaller: from measurements of dust
polarization (Houde et al. 2009, and therein), we know that Lc
can reach values as small as 0.1 − 0.01 pc.
Since the cut-off is at relatively low-energies, the compres-
sion ratio that can be used in order to fit the radio and γ-ray data
can be in a range rsh = 3.5÷4 without changes in the fit, implying
a momentum spectral index α = 4.2 ÷ 4.
5.1. Reacceleration Model
The diffuse CR protons, He nuclei and electrons in the ISM are
reaccelerated at the shock of W44 up to a maximum energy
discussed above. In addition, they are compressed adiabatically
both at the shock and in the crushed cloud. The penetration of
CRs in the dense cloud is also accompanied by energy losses that
result in further spectral changes. The spectrum of all species re-
sulting from all these processes is illustrated in Fig. 2 as dashed
lines and should be compared with the ISM spectra (solid lines).
The curves are obtained with a combination of parameters that,
as we show below, provides the best fit to the SED of W44:
tint = 8400 yr, n0 = 200 cm−3, B0 = 34µG (corresponding to
b = 2.4), vsh = 130 km/s. With these values of the environmental
parameters, one deduces a compressed density in the cloud of
∼ 104 cm−3, a magnetic field of 1.4 mG and a value ξ = 0.55 for
the surface filling factor of the cloud. The compression factor at
the shock, relevant for the purpose of calculating the spectrum
of reaccelerated particles is rsh = 4.
All spectra show a prominent feature at ∼ 10 GeV as due to
the cutoff induced by particle acceleration at the shock (for He
nuclei this corresponds to an energy per nucleon of ∼ 5 GeV/n).
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Fig. 2. Spectra of protons, He nuclei and electrons in the local ISM
(solid lines) and after shock reacceleration and compression in the
crushed cloud (dashed lines). The change of slope at ∼ 10 GeV is as-
sociated with the acceleration cutoff. Particles at higher energy are sim-
ply compressed in the cloud. Ionisation energy losses affect the spectral
slopes at lower energies, synchrotron losses steepen the electron spec-
trum at higher energies, whereas Bremsstrahlung and pp losses mainly
affect the normalization.
At higher energies, particles only suffer compression both at the
shock and in the crushed cloud. One can see that the combined
effect of reacceleration and compression is that of shifting the
spectra towards higher energies, while conserving the total num-
ber of particles in each distribution. At low energy the effect of
ionisation leads to a spectral hardening that ends up manifesting
itself around few hundred MeV/n. For electrons, in addition to
the effects of reacceleration, compression and ionisation losses,
one can notice the effect of radiative losses, and more promi-
nently synchrotron losses, that are responsible for the flux sup-
pression at high energies.
In Fig. 3, we show the SED resulting from our best fit reac-
celeration model, corresponding to the parameters listed above.
The left panel shows the radio emission compared with Planck
and VLA data from the whole remnant (Castelletti et al. 2007;
Planck collaboration 2014) and the one from the region where
AGILE detected γ-ray emission (Cardillo et al. 2014): the total
synchrotron emission computed within our best model agrees in
slope and normalization with observations.
For the parameters that best fit the SED of W44 the contribu-
tion to radio emission at all observed frequencies is dominated
(by a factor of a few) by secondary electrons produced in inelas-
tic pp collisions, as shown in Fig. 3 (left panel). Our prediction
is compared with the radio emission from the same region that
the AGILE data points in the gamma ray band refer to.
The conclusion of a dominant secondary contribution is
qualitatively similar to the one reached by Uchiyama et al.
(2010), although with different values of the parameters, but at
odds with that of Lee et al. (2015), that find instead a prominent
contribution of primary electrons (by about two orders of mag-
nitude). The authors suggest that this difference between their
results and those of Uchiyama et al. (2010) may be due to the
different account of the time dependence of the problem. It is
however difficult to resolve a difference by orders of magnitude
in this way, especially taking into account that the values of pa-
rameters adopted by both Uchiyama et al. (2010) and Lee et al.
(2015) are very similar and even the filling factor f that they
infer is very similar, f ∼ 0.2 − 0.5.
One point that we wish to emphasise is that the value f = 0.2,
considered by Lee et al. (2015) as comfortable, being sufficiently
less than unity, is in fact rather problematic if one translates it to
a filling factor in surface ξ: for the same values of parameters as
the other authors, we get ξ > 1. For the parameters we adopted
here, we estimate ξ = 0.55, less than unity but still suggesting
that a large fraction of the SNR surface is involved in the gamma
ray emission.
In the left panel of Fig. 3, the decrease in the radio emission
at frequency above ∼ 10 GHz is due to the cutoff in the spec-
trum of reaccelerated protons, that reflects in a suppression in
the spectrum of secondary electrons. Notice that radio emission
at & 10 GHz is produced by electrons with energy & 1 − 2 GeV,
deriving from protons with energy about 10-20 times larger.
The gamma ray emission from the same region is plotted
in the right panel of Fig. 3 and compared with the AGILE
(Cardillo et al. 2014) and Fermi-LAT (Ackermann et al. 2013)
data points. Most contribution to the gamma ray emission comes
from pion decays and in fact the pion bump is very clear. The
flux decrease at E & 1 GeV is directly related to the acceler-
ation cutoff at ∼ 10 GeV/n in the proton and He spectrum. At
energies around and below ∼ 100 MeV the contribution of the
bremsstrahlung emission of secondary electrons is non negligi-
ble. Primary electrons play a subdominant role in the production
of gamma rays as they do for radio emission. The hardening in
the gamma ray emission at E & 10 GeV is due to the transition
to CRs that have been not reaccelerated at the shock (because of
lack of enough time to do so) but are nevertheless compressed
adiabatically in the shock and crushed cloud region.
Notice that, contrary to the findings of Uchiyama et al.
(2010) and Lee et al. (2015) that had to assume the existence
of a spectral break (in addition to an acceleration cutoff) to fit
the SED of W44, we obtain a good fit to the data with just the
acceleration cutoff. The break in the proton spectrum, already
invoked by both AGILE and Fermi-LAT (Cardillo et al. 2014;
Ackermann et al. 2013), is not required by the reacceleration
scenario discussed in this section.
One might wonder whether the requirement of a large filling
factor derives from the unrealistic assumption that the density of
the cloud be uniform, while in reality these objects are expected
to be very clumpy and with a high density contrast between the
clumps and the interclump medium (Bykov et al. 2000). We did
the attempt to consider the evolution of our SNR in a cloud
filled almost totally by inter-clump medium (90% of the volume)
and only for a small fraction (10% of the volume) by clumps
(Slane et al. 2014). We assumed for the inter-clump medium a
density nIC = 20 cm−3 (Bykov et al. 2000) , and knowing that
the average density has to be n0 ∼ 200 cm−3 (Yoshiike et al.
2013), we derived for the clumps a density ncl ∼ 2000 cm−3.
We compared the gamma-ray emission resulting from reaccel-
eration of Galactic CRs in the case of a homogeneous medium
and in that of a clumpy medium with the same average density.
We found that the emission is weaker in the second case, and
as a consequence an even larger filling factor is estimated for
the cloud. This result, which might seem counterintuitive, is ex-
plained in the following. The diffusion coefficient in our model
scales with density as: D(E) ∝ n−1/60 . The dense clumps will have
a size that is comparable with the turbulence correlation length
Lcl ≈ Lc ∼ 1017 cm (see Sec. 5). As a consequence, the time
spent by energetic particles in the clumps tcl will be negligible
with respect to the time they spend in the interclump medium
tcloud, being: tcl ≈ η(L2cl)/Dcl ≈ 10−4tcloud, where η ≈ 10% is the
volume filling factor of the clumps. This implies that the clumps
play no role in the energy evolution of the particles: the latter
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will simply evolve in a lower density medium and suffer less
losses than in the homogeneous case. On the other hand, we
expect, and assume in our calculation, that both reacceleration
and compression will only take place in the crushed inter-clump
medium, which covers now 10% less of the volume and, espe-
cially, has a much lower density than in the homogeneous case .
As a result, both the flux of reaccelerated particles and the aver-
age post-shock target density for p-p scattering are much lower,
and so is the gamma-ray emissivity. Our conclusion is that tak-
ing into account inhomogeneity in the simplified way illustrated
above leads to estimate even larger filling factors.
5.2. Contribution from Acceleration
The pervasive presence of CRs throughout the Galaxy makes the
scenario illustrated above, with reacceleration and compression
in the crushed cloud, rather compelling. However, as we pointed
out above, the surface filling factor ξ that we obtain is rather
close to unity and we consider this to be somewhat disturbing.
Hence, we think that there is room for speculation that there may
be a contribution to the SED of W44 coming from freshly accel-
erated particles. In this section we derive a fit to the data in terms
of the product ξ× ξCR (the spectra are degenerate with respect to
this product).
Our results are shown in Fig. 4, compared with the radio and
gamma ray data points. One can see that a qualitatively good fit is
achieved, although not as good as in the reacceleration scenario.
The curves illustrated in the figure are obtained assuming an in-
teraction time with the cloud of 8400 years and B0 = 28.3µG,
a shock velocity vs = 130 km/s and a parameter combination
that leads to Emax = 19 GeV. The normalisation is such that the
data are best fit for ξ × ξCR = 6.4 × 10−5. This simple exercise
shows that the problem of large values of ξ discussed above for
the case of pure reacceleration of Galactic CRs can be alleviated
if a small efficiency of fresh CR acceleration is assumed, at the
level of ξCR ∼ 10−4.
5.3. Compression alone
As discussed above, even the re-energization of Galactic CRs at
the shock of W44 up to a maximum energy of order ∼ 10 GeV
requires relatively strong turbulence to be present at the shock.
This condition could be difficult to realise in the case of efficient
damping, as would result from the presence of even a small frac-
tion of neutrals in the pre-shock medium (Bykov et al. 2000).
The ion neutral-damping rate is (Drury et al. 1996; Ptuskin et al.
2003)
ΓIN =

(
k
kc
)2
νIN k > kc
νIN k < kc
(20)
where νIN = 8.4 × 10−9s−1
(
T/104K
)0.4
nH is the ion neutral
collision frequency, with T the temperature and nH the den-
sity of neutrals in units of cm−3. The critical wavenumber sep-
arating the two regimes is kc = (νIN/vA)(ni/nH), which corre-
sponds to perturbations of wavelength resonant with particles
of energy Ec ≈ 2.5 GeV in the regime of density and mag-
netic field strength we are considering. Above this energy the
damping becomes progressively inefficient, so that the meaning-
ful timescales to compare in order to assess whether efficient
acceleration (or reacceleration) is possible, are the timescale for
ion neutral damping of turbulence at wavelength kc and the time
tint for which the shock has been interacting with the cloud. We
find that ΓINtint < 1 for nH < 5 × 10−4 cm−3, a rather stringent
requirement.
The latter condition on the density of neutrals is the appro-
priate one to ensure that pre-existing turbulence is not damped at
the scales that are relevant for particle acceleration in the source.
The reaccelerated particles provide themselves a potential source
of turbulence, however, whose growth is possible if ΓCR > ΓIN
with ΓCR the growth rate of the resonant streaming instability as-
sociated with reaccelerated particles. We computed ΓCR based on
the spectrum of reaccelerated particles that is required to fit the
data and found that in our case turbulence can efficiently grow
if nH < 5 × 10−3cm−3. While more relaxed than in the former
case, this condition on the level of ionization of the medium
still appears rather stringent, making it especially meaningful to
speculate on the possibility that the level of turbulence is low
enough that, in the energy range that is relevant for the detected
emission, Galactic CRs are only compressed at the shock and in
the crushed cloud, without substantial diffusive shock reacceler-
ation.
The SED obtained in the compression-only scenario is
shown in Fig. 5, in the radio band (left panel) and in the gamma
ray band (right panel). The values of the parameters are the same
adopted for the reacceleration model, but the surface filling fac-
tor is ξ = 0.65. The main effect of ignoring reacceleration is
that the bump in the gamma ray spectrum in the region 1 − 10
GeV disappears, so that the fit becomes somewhat worse. On
the other hand, the radio emission, being related to low energy
secondary electrons, can be well explained even assuming that
Galactic CRs are simply compressed.
6. Discussion and conclusions
After the detection of low-energy γ-ray emission from
SNR W44 by AGILE (Giuliani et al. 2011) and Fermi-LAT
(Ackermann et al. 2013), a number of different models have
been put forward to explain observations. The detection was ini-
tially presented as the first unequivocal evidence of CR accelera-
tion in a SNR, although the old age of the remnant (Giuliani et al.
2011; Abdo et al. 2010e; Ackermann et al. 2013; Cardillo et al.
2014) and its low shock velocity do not make W44 a likely loca-
tion for efficient CR acceleration. On the other hand, part of the
shell of SNR W44 is clearly interacting with a dense molecular
cloud, which would imply that a dense target for hadronic in-
teractions is present. Uchiyama et al. (2010) and later Lee et al.
(2015) discussed the possibility that the SED of W44 could be
explained in terms of diffusive shock reacceleration of Galactic
CRs and further compression in the crushed cloud that the SNR
is impacting upon. In these conditions the shock slows down to
vs ≈ 100 − 150 km/s and a thin radiative shell with density
103 − 104 cm−3 is formed, where magnetic field strength is also
enhanced.
The calculations of Uchiyama et al. (2010) and Lee et al.
(2015) have several points in common but also show several im-
portant differences: they adopt the same parametrisation for the
low energy behavior of the Galactic CR spectrum, assumed to
be made of protons and electrons only. In both cases the fit to
the SED requires a spectral break at ∼ 10 GeV, attributed to
a mechanism previously discussed by Malkov et al. (2011), in
addition to a high energy cutoff induced by reacceleration. In
both cases a volume filling factor of 0.2 − 0.5 is assumed to fit
the data. However, the calculations of Uchiyama et al. (2010)
suggest that most emission in the radio band is due to syn-
chrotron emission of secondary electrons, produced in inelas-
tic pp scattering, while the primary contribution dominates upon
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Fig. 3. Left:VLA (red) and Planck (blue) radio data from the whole remnant (Castelletti et al. 2007; Planck collaboration 2014) and VLA radio
data from the high-energy emitting region (green), plotted together with primary (cyan dashed line), secondary (magenta dot-dashed line) and total
(black line) synchrotron radio emission obtained in our best fit reacceleration model. Right: AGILE (green) and Fermi-LAT (red) γ-ray points
(Cardillo et al. 2014; Ackermann et al. 2013) plotted with γ-ray emission from pion decay (blue dotted line), emission due to bremsstrahlung of
primary (cyan dashed line) and secondary (magenta dot-dashed line) electrons, and total emission (black line).
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Fig. 4. Radio (left panel) and γ-ray emission (right panel) from SNR W44 in a model where only freshly accelerated particles are taken into
account. The fit is obtained with ξ × ξCR = 6.4 × 10−5. The data points are as in Fig. 3.
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Fig. 5. Radio and γ-ray emission from SNR W44 assuming that Galactic CRs are only compressed at the shock and in the crushed cloud. In the
left (right) panel we show the radio (gamma ray) emission. Data are as in Fig. 3.
the secondary one by two orders of magnitude in the calcula-
tions of Lee et al. (2015). The authors mention that this discrep-
ancy might be due to the different way the temporal evolution is
treated: while Lee et al. (2015) follow the evolution of the shock
in time, Uchiyama et al. (2010) assume a simple model in which
the shock moves with constant velocity inside the cloud. The
very recent work of Tang et al. (2015) leads to a conclusion very
similar to ours: middle-aged SNR spectra can be explained by
simple reacceleration plus compression of galactic CRs, with-
out invoking any HE spectral break. However, this conclusion is
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reached based on a very different model, that does not take into
account particle energy losses, which on the contrary we find to
be important, and does not include leptonic emission, which we
also find to be important, not only in the low frequency range,
but also in the gamma-ray band.
In the present paper we carried out an analysis similar to
that by Uchiyama et al. (2010), but with some relevant improve-
ments, that we list hereafter. 1) Instead of parametrising the
Galactic CR spectrum in the ISM at low energies, we adopted
the spectra as measured by Voyager 1 and analysed by Potgieter
(2014). 2) Our calculations account for protons and He nuclei
in Galactic CRs, as well as primary electrons (the latter are also
measured by Voyager I, although at a time earlier than reaching
the heliopause, so that some correction for residual solar modu-
lation was needed, as discussed by Potgieter (2014)). 3) We in-
vestigated the possibility that the reacceleration occurred at the
SN shock in its most basic form, without invoking the spectral
break at 10 GeV, as was done by Uchiyama et al. (2010) and
Lee et al. (2015). 4) We discuss the implications of a situation in
which, perhaps due to lack of turbulence in the cloud at the rel-
evant scales, reacceleration was inefficient so that Galactic CRs
are only compressed in the crushed cloud. 5) We reformulated
the problem in terms of a surface filling factor, having in mind
that the radiative shell is thin and unlikely to fill a large frac-
tion of the SNR volume ( f ∼ 0.2 − 0.5 was found in previous
calculations from fits to the data).
We confirm that the reacceleration and compression of
Galactic CRs can explain the SED of W44, although using the
same parameters as Uchiyama et al. (2010) we find that f ∼ 0.5
corresponds to ξ > 1, which is clearly unphysical. We obtain
a satisfactory description of the radio and gamma ray emis-
sion from W44 by assuming a somewhat larger shock velocity
vs = 130 km/s and a magnetic field in the cloud B0 = 34µG.
The shock is assumed to have been interacting with the cloud
of average density 200 cm−3 for the last 8400 years. This corre-
sponds to ξ = 0.55, namely more than half of the surface of the
shell involved in the interaction with the dense cloud. Although
physically allowed, even such value of ξ appears rather large,
though not ruled out. We tried to evaluate whether taking into
account the likely clumpiness of the cloud could help alleviate
this requirement, but found that in the simplest picture, in which
clumps occupy 10% of the volume, have an average size of the
order of the estimated coherence length of the turbulence and a
density contrast of about 100, the required filling factor of the
cloud becomes even larger.
The scenario in which the SED of W44 is interpreted as the
result of reacceleration and compression of Galactic CRs has
many intriguing aspects: the hard radio spectrum finds a natu-
ral explanation in terms of low energy secondary electrons. The
same hadronic interactions that produce secondary electrons also
lead to pion production and decay that fits the gamma ray data.
It is important to realise that no free parameter is involved in the
reacceleration of Galactic CRs, except for the maximum particle
energy, namely no CR acceleration efficiency needs to be spec-
ified, because all relevant particles are already above threshold
for injection. Most emission is explained in terms of low energy
Galactic CRs (with very hard spectrum, as measured by Voyager
I), eventually re-energized at the shock and further compressed
in the crushed cloud. The shape of the gamma ray spectrum is ex-
plained in terms of a cutoff of the re-energized protons and elec-
trons, with maximum energy Emax ∼ 10 GeV, derived by assum-
ing a Kolmogorov turbulence in the shock region with δB/B ∼ 1
on a scale Lc ∼ 0.1 pc. Notice that particles with E > Emax are
not reaccelerated but are still compressed: this effect allows us to
achieve a good fit to the gamma ray data even at energies of sev-
eral tens of GeV (from Fermi-LAT). With the combination of pa-
rameters adopted here, the radio spectrum is dominated by syn-
chrotron emission of secondary electrons, in qualitative agree-
ment with the conclusion of Uchiyama et al. (2010) but at odds
with the calculations of Lee et al. (2015) that lead to a strong
dominance of the contribution from primary electrons.
If the turbulence is weaker in the shock region, then Emax can
be even smaller than∼ 10 GeV. We considered a speculative case
in which there is no reacceleration at all but only compression in
the crushed cloud. The radio and gamma ray data can be fit even
in this case although the quality of the fit is much worse and an
even larger value of the surface filling factor is needed, ξ = 0.65.
The large values of ξ required by the reacceleration model
inspired us in searching for meaningful information about accel-
eration of fresh CRs at the shock in W44. Assuming again that
no reacceleration of Galactic CRs takes place, one can see that
a satisfactory fit to the radio and gamma ray emission of W44
can be achieved by assuming the same parameters that describe
the best-fitting reacceleration model, except for the unperturbed
magnetic field and the maximum particle energy, that now read,
respectively, B0 = 28 µG and Emax = 19 GeV. The data are
satisfactorily well fit for ξ× ξCR ≃ 6.4× 10−5, although the qual-
ity of the fit is not excellent. The conclusion we can draw from
this exercise is that freshly accelerated particles help alleviate the
problem of large values of ξ. In fact a mild mix of reacceleration
and particle acceleration with ξCR ∼ 10−4 appears to provide a
good fit to the data and lower the required fraction ξ of the shock
surface involved in the interaction with the cloud.
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Appendix A: Particles’ energy losses
Nuclear collisions are described as:
−
(dEp
dt
)
pp
=
Ep
τpp
= Ep finnmvp(Ep)σpp(Etotp ) (A.1)
where Ep is proton energy, fin, taken to be constant, accounts
for the inelasticity of the collisions, vp is the particle velocity
and σpp is the cross section of the process, which we describe
according to Kelner et al. (2006).
Ionisation losses for protons are described according to
Ginzburg (1969), assuming that the plasma is completely ion-
ized:
−
(dEp
dt
)
ion,p
= 7.62 × 10−9Z2nm×
×

√(
2E0p
Ep
) (
38.7 + ln
(
Ep
E0p
)
− 12 ln(nm)
)
if Ep ≪ E0p(
74.1 + 2 ln
(
Etotp
E0p
)
− ln(nm)
)
if E0p ≪ Ep ≪
(
mp
me
)
Ep0(
74.1 + ln
(
Etotp
E0p
)
− ln(nm)
)
if Ep ≫
(
mp
me
)
Ep0
(A.2)
where the energy lost is expressed in eV/s.
Again following Ginzburg (1969), ionization losses for ul-
trarelativistic electrons in a completely ionized medium are de-
scribed as:
−
(
dEe
dt
)
ion,e
=
2pie4nm
mec
[
ln
(
Ee(mec)2
4pie2nm~2
)
− 3
4
]
=
= 7.62 × 10−9nm
[
ln
(
Ee
E0e
)
− ln(nm) + 73.4
]
(A.3)
in eV/s.
Electrons are also affected by synchrotron losses
−
(
dEe
dt
)
syn
=
4
9
e4B2m
m2ec
3
(
Ee
E0e
)2
, (A.4)
inverse Compton Scattering (ICS),
−
(
dEe
dt
)
IC
=
32
9 pi
(
e2
mec2
)2
cUrad
(
Ee
E0e
)2
, (A.5)
and Bremsstrahlung (Ginzburg 1969)
−
(
dEe
dt
)
Brem,1
=
4e6nmZ(Z + 1)
m2ec
4~
Ee
[
ln
(
2Ee
E0e
)
− 13
]
=
= 2.2 × 10−19erg s−1
[
ln
(
Ee
E0e
)
+ 0.36
] (
nm
1 cm−3
) ( Ee
1 GeV
)
.
(A.6)
all expressed in erg/s.
Appendix B: Radio and γ-ray emission
Appendix B.1: Secondary emission
In order to compute the γ-ray emission and secondary pair
production, we used the formalism described by Kelner et al.
(2006). For kinetic particle energies per nucleon En = E/n > 0.1
TeV, the number of secondaries in units of 1/(erg/n)/cm3/s, is:
Φs,high(Es) = v n0
∫ 1
0
σinel(Es/x) f (Es/x)Fs(x, Es/x)dx
x
(B.1)
where s refers to the secondary specie being considered, ei-
ther electrons or γ-rays, x = Es/En, Fs is an analytical func-
tion describing the spectral distribution of the secondaries (see
Kelner et al. (2006) for details), v is the nucleon velocity and
f (Es/x) = f (En) is the final distribution of primary nucleons of
given energy En. We write:
f (En) = fp(En) + 4 fHe(En) (B.2)
where fp(En) is the distribution of protons, and fHe that of He
nuclei. The inelastic cross section, σinel, is:
σinel = (34.3 + 1.88L + 0.25L2)
1 −
(
Eth
Ep
)4
2
mb (B.3)
where L = ln
( Ep
1TeV
)
and Eth = E0,p + 2E0,pi + E20,pi/E0,p, is the
threshold energy for pi0 (pi±) production used in order to compute
the photon (secondary electrons) spectrum.
At lower energies, we used the δ-approximation for secondary
emission rate:
Φs,low(Es) = 2 ×
∫ ∞
Emin
fpi(Epi)√
E2pi − (mpic2)2
dEpi (B.4)
where the factor 2 accounts for the production of two photons
from every neutral pions and both e+ and e− in the case of
charged pions, Emin = Es + (mpic2)2/4Es is the minimum en-
ergy the pion must have in order to produce a secondary with
energy Es and fpi is the production rate of pions with energy Epi:
fpi(Epi) = n˜Kpi v nσinel
(
mpc
2 +
Epi
Kpi
)
fp
(
Epi
Kpi
)
(B.5)
with n˜ the number of produced pions for a given proton distri-
bution function and Kpi = k/n˜, where k is the fraction of kinetic
energy per nucleon transferred to the pion. The particle spectrum
fp
(
Epi
Kpi
)
is the same used for the high-energy regime and EpiKpi = En.
Following Kelner et al. (2006), we fixed Kpi = 0.17 and found the
value of n˜ that leads the continuity of the secondary spectrum at
E = 0.1 TeV . Eqs. B.1 and B.4 provide both the γ-ray photon
production rate and the source term that must replace expression
16 when the kinetic equation (Eq. 15) is written for secondaries.
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Appendix B.2: Synchrotron emission
The synchrotron emission rate, in units of 1/cm3/s, is:
Φsyn(Eγ) =
√
3e3Bm
4piE0eh
∫
fe(Ee)dEe R(ω/ωc) (B.6)
where R(ω/ωc) is the function describing synchrotron radiation
by a single electron in a magnetic field with chaotic directions
and ωc = 1.5eBmp
2
m3e c3
is the characteristic synchrotron frequency
(Zirakashvili et al. 2007).
Appendix B.3: Bremsstrahlung
The γ-ray emissivity due to bremsstrahlung is described as:
ΦBrem(Eγ) = 1.8 c n
∫
dEe fe(Ee) dσdEγ (B.7)
in units of erg−1cm−3 s−1 (Blumenthal & Gould 1970), where
we used the Bremsstrahlung differential cross section given by
Ginzburg (1969):
dσ
dEγ
= 4α f sZ2r20
dEγ
Eγ

1 +
(
1 − Eγ
Ee
)2 φ1 +
(
1 − Eγ
Ee
)
φ2
 (B.8)
where α f s = e
2
~c
is the fine structure constant, r0 = e
2
mec2
is elec-
tron classical radius and φ1,2 are functions that depend on the
electron and photon energies, and are different for the case of
strong and weak shielding (our case) (Ginzburg 1969). The fac-
tor 1.8 in Eq B.7 takes into account the presence of different
kinds of nuclei.
Appendix B.4: Inverse Compton Scattering
One last process that contributes to γ-ray emission is Inverse
Compton scattering, for which we write the emissivity as:
ΦIC(Eγ) =
2pir20c
γ2
∫ ∫ fph(Eph)dEph
E
×
×
[
2 q ln q + (1 + 2q)(1 − q) + 1
2
(Γeq)2
1 + Γeq
(1 − q)
]
(B.9)
where ΓEph = 4Ephγ/mc2, q = Ee/ΓEph (1 − Ee), fph(Eph) is the
distribution of target photons, Eph is the target photon energy
and Ee is the electron energy. However, we will show that, for
the parameter s values appropriate to describe SNR W44, the IC
contribution to the γ-ray emission is negligible.
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